Telomerase is a ribonucleoprotein DNA polymerase that has been associated with cell proliferation, cell survival and apoptosis inhibition. Telomerase is regulated by specific growth factors, cytokines and hormones. The present study examines the effect of GH on telomerase activity and identifies the signal transduction pathway involved in this process in Chinese hamster ovary (CHO)4 cells, which express rat GH receptor cDNA. Telomeric repeat amplification protocol assays demonstrated that treating CHO4 cells with increasingly high doses of GH up-regulated telomerase activity with the maximum activation at 24 h. Similarly, GH activated telomerase in another cell system, primary cultures of rat hepatocytes. The telomerase activation in CHO4 cells was produced with an increase in hamster telomerase catalytic subunit (hamTERT) mRNA expression. The telomerase activity induced by GH was specifically blocked by the phosphatidylinositol 3 -kinase (PI3-K) inhibitor, LY294002, but not by the MAP kinase kinase inhibitor, PD98059. These findings suggest that GH could activate telomerase through the direct activation of TERT transcription, as well as through the PI3-K signalling pathway.
Introduction
Telomerase is a specialised RNA-dependent ribonucleoprotein polymerase that elongates the telomeres of chromosomes to compensate for the losses that occur in each round of DNA replication (Greider 1996) . It has been suggested that telomerase may have other roles that are independent of telomere synthesis including cell survival, proliferation and apoptosis (Bodnar et al. 1998 , Zhu et al. 2000 , Minamino & Kourembanas 2001 , Oh et al. 2001 , Akiyama et al. 2002 , Haendeler et al. 2003 , Smith et al. 2003 .
The telomerase enzyme consists of two essential components, the reverse transcriptase subunit, which contains telomerase catalytic activity (TERT), and the associated RNA component, which serves as the template to synthesise the telomeric sequence (Nugent & Lundblad 1998) . There is evidence to indicate that the TERT, but not the RNA component, is highly correlated with the presence of telomerase activity (Koyanagi et al. 2000 , Misiti et al. 2000 . In fact, the telomerase activity in telomerase-negative cells can be restored by ectopic human TERT expression (Bodnar et al. 1998) , which suggests that in certain cases, TERT is the only limiting factor for telomerase activation.
Telomerase activity is closely regulated by changes in gene transcription (Kyo et al. 2000 , Mauro & Foster 2002 , protein-protein interactions (Haendeler et al. 2003) and phosphorylation by protein kinase C, ERK1/2 and phosphatidylinositol 3 -kinase (PI3-K)/Akt (Li et al. 1998 , Kang et al. 1999 , Maida et al. 2002 .
Human somatic cells normally lack telomerase activity (Ramakrishnan et al. 1998) ; however, approximately 90% of tumour-derived immortal cells (Kim et al. 1994) , the germline cells, certain stem cells and cells from renewable tissues, such as intestinal epithelium and liver (Wright et al. 1996 , Yasumoto et al. 1996 , Inui et al. 2002 , do contain telomerase activity. In these cells, telomerase activity is usually growth-regulated. In fact, growth signals induced, for example, by fibroblast growth factor (FGF), epidermal growth factor (EGF) or insulin growth factor (IGF)-I, are directly or indirectly involved in telomerase regulation (Haik et al. 2000 , Akiyama et al. 2002 , Wetterau et al. 2003 .
Growth hormone (GH) is a peptide molecule that has diverse and pleiotropic actions on cellular metabolism, growth and differentiation (Carter et al. 1996) . Other functions of GH are involved in apoptosis inhibition and cell survival (Gomez de Segura et al. 1998 , Costoya et al. 1999 , Vazquez et al. 1999 , Frago et al. 2002 , Liu et al. 2002 , Madrid et al. 2002 , Maida et al. 2002 . The signal transduction pathways triggered by GH in these processes have been analysed. Binding between GH and GH receptor (GHR) induces tyrosyl phosphorylation and activation of Janus kinase-2, a cytoplasmic kinase that is associated with GHR and mediates the cellular effects of GH (Carter et al. 1996) . Subsequent signalling events include tyrosyl phosphorylation of the GHR and phosphorylation and activation of a number of cytoplasmic molecules, including signal transducer and activator of transcription-1 (STAT1), STAT3 and STAT5; mitogen activated protein kinases (MAPKs) (ERK-1 and ERK-2); insulin receptor substrate-1 (IRS1), IRS2 and IRS3; and PI3-K (Moller et al. 1992 , Carter et al. 1996 , Costoya et al. 1999 .
In the present work we are interested in determining whether telomerase is regulated by GH. The findings suggest that GH can induce telomerase activation in Chinese hamster ovary (CHO)4 cells by up-regulating hamster (ham) TERT mRNA expression and by the signal transduction pathway that involves PI3-K.
Materials and Methods

Cell cultures and treatments
CHO4 cells, expressing the rat GHR cDNA, kindly provided by Dr C Moller (Center for Biotechnology, Karolinska Institute, Novum, Huddinge, Sweden; Moller et al. 1992) , were cultured in Ham's F-12 medium containing 10% fetal calf serum and 1 mM -glutamine, 50 units/ml penicillin and 50 µg/ml streptomycin (Gibco). To assay GH induction, 3 10 5 cells were plated and starved for 15-18 h in serum-free Ham's F12 medium, washed twice with PBS and then incubated with several doses of human recombinant GH (hGH) (Pharmacia SA, Spain) for the indicated time periods. To perform bleomycin induction, cells were treated as above, and instead of GH were stimulated with 10 mIU of bleomycin for 24 h in fresh serum-free Ham's F12 medium. For inhibitor studies, cells were treated with either LY294002 (PI3-K inhibitor) (Calbiochem-Novabiochem Corp., San Diego, CA, USA) or PD98059 (MAPK kinase (MEK)-1 inhibitor) (Calbiochem-Novabiochem) in the presence or absence of GH for the indicated period of time.
The study was approved by the Institutional Animal Care and Use Committee and met European criteria for protection of animals used for experimental and other scientific purposes (86/609/EU). Animals were purchased from an authorised breeder (Elevage Janvier, Le GenestSt-Isle, France) and housed in standard conditions of light and humidity and with a light/dark cycle of 12 h. Hepatocytes were isolated by perfusion of the livers of Wistar rats with collagenase (Sigma) (Feliu et al. 1983 ) and suspended in medium 199 supplemented with 10% fetal bovine serum (FBS), 0·1% BSA, 1 µM triiodothyronine, 1 µM dexamethasone and glucose up to 10 mM. Hepatocytes were plated to attain a cell density of 1·2 10 5 cells/cm 2 and cultured in a cell incubator at 37 C in an atmosphere of 5% CO 2 . Four hours after plating, the medium was replaced by fresh supplemented medium 199. After 19 h of culture, hepatocyte monolayers were washed three times with PBS and incubated for an additional 2 h in medium 199 supplemented with 20 mM Hepes (pH 7·4), 0·1% BSA and 10 mM glucose; after this time 50 nM GH was added for another 24 h.
Telomerase activity assays
Telomerase activity was measured using the quantitative TeloTAGGG Telomerase PCR ELISA PLUS kit (Roche Molecular Biochemicals, Indianapolis, IN, USA) and the TRAPeze Telomerase Detection kit (Intergen, New York, NY, USA). For each experiment, 3 10 5 CHO4 cells were plated in a 60 mm well in medium containing 10% FBS for 24 h before washing twice with phosphate buffer and changing to serum-free Ham's F12 medium for 16 h; after this, cells were stimulated with the indicated doses of hGH for the indicated time periods in fresh serum-free medium. After treatment, 2 10 5 were resuspended in 200 µl 1 lysis reagent and the extracts were obtained according to manufacturer's protocol for the TeloTAGGG Telomerase PCR ELISA PLUS kit analysis. For each assay 1·5 µl (1500 cells) were used. For the TRAPeze Telomerase Detection kit, the cell extract was prepared with the CHAPS lysis buffer 1 according to manufacturer's protocol and an aliquot of cell extract containing 200 ng protein was used in each assay. The protein concentration was measured by the bicinchoninic acid protein assay (Pierce, Rockford, IL, USA). Once they had been prepared, the extracts were immediately frozen in liquid nitrogen and stored at 80 C until use.
The Telomerase PCR ELISA PLUS kit and TRAPeze Telomerase Detection kit are an extension of the original telomeric repeat amplification protocol (TRAP) (Kim et al. 1994) . The ELISA kit allows the highly specific amplification of telomerase-mediated elongation products combined with non-radioactive detection following an ELISA protocol. The levels of telomerase activity were within the linear range of the TRAP assay. In the ELISA PCR, telomerase-mediated elongation was performed for 30 min at 25 C. Afterwards the telomerase was heat inactivated for 5 min at 94 C. PCR cycling conditions were 25 cycles (94 C for 30 s, 50 C for 30 s and at 72 C for 90 s) followed by a cycle at 72 C for 10 min. For TRAPeze, briefly, 200 ng protein were added to 50 µl reaction mixtures containing telomeric substrate oligonucleotide primer, a primer and template for amplification of internal standard, reverse oligonucleotide primer, Taq DNA polymerase (5 units/µl) (Roche), dNTP Mix and TRAP reaction buffer. After 30 min incubation at 30 C for telomerase extension of the TS primer, the PCR cycling conditions were 33 cycles at 94 C for 30 s, 59 C for 30 s and 72 C for 90 s followed by a cycle at 72 C for 10 min. A loading dye containing bromophenol blue and xylene cyanol (0·25% each in 50% glycerol/50 mM EDTA) was then added to each reaction tube and the sample (25 µl) was loaded on a 12·5% non-denaturing PAGE in 0·5 TBE buffer. After electrophoresis, the gel with ethidium bromide (1:10 000 in deionised water) was stained for 30 min and destained for 20-30 min in deionised water at room temperature. Bands were visualised by ethidium bromide staining and quantified by densitometric scanning (1D Manager; TDI, Madrid, Spain). The telomerase activity was evaluated by the TRAP products/ internal control ratio (data not shown).
In each set of experiments for each kit, aliquots of all samples were treated by RNase (37 C for 20 min) in order to ascertain the specificity of the reaction. The two methods gave very similar results; accordingly, only the ELISA assay was performed in some experiments.
Real-time quantitative PCR for hamTERT mRNA detection
Total RNA was isolated from CHO4 cells using the aqueous phase obtained by the Tri Reagent method (Molecular Research Center, Cincinnati, OH, USA), following the manufacturer's instructions. Reverse transcription was performed with 1 µg total RNA, Oligop(dT) as primers, and AMV reverse transcriptase (Roche) following the manufacturer's instructions. Each PCR contained, in 20 µl, 1 Fast Start DNA Master SYBR Green 1 mix (Roche), 4 mM MgCl 2 , 0·5 µM (each) of the sense and antisense primers, and 1 µl of the corresponding cDNA. For each mRNA, hamTERT expression was corrected by the 18S content in each sample. PCR was performed in a LightCycler instrument (Roche) with 10 min preincubation at 95 C followed by 45 cycles of 5 s at 95 C (denaturation), 10 s at 70 C or 60 C (annealing) for hamTERT or 18S respectively, and 10 s at 72 C (amplification). Standard curves were run with each set of samples and for each gene. Correlation coefficients (r 2 ) for standard curves were typically d0·98. To confirm the specificity of the reaction product during each run, the melting profile of each sample was analysed using the LightCycler software. The melting profile was determined by keeping the reaction at 80 C for hamTERT or at 87 C for 18S, for 10 s, and then heating slowly to 95 C at a linear rate of 0·1 C/s to measure fluorescence.
The PCRs employed a set of primers that were specific for the hamTERT gene (Guo et al. 2001) : hamTERT sense 5 GACTCTGTTCAGCGTGCTCAA3 , and antisense 5 AGAACTGGCCCATGTGTGGCT3 . The specific primers for 18S were from the Classic 18S Internal Standards kit (Ambion, Inc., Austin, TX, USA). In all cases, each PCR was repeated at least three times. Some of the samples were run in a gel to confirm that the specific band had the expected size (bp), as well as to rule out possible contaminants that would not be distinguishable by their melting points (not shown).
Statistical analysis
All data were expressed as means S.D. unless otherwise indicated. Differences between means of various treatment and control groups were assessed for statistical significance by ANOVA followed by the post-hoc Fisher test for group comparison. A P value<0·05 was considered to indicate statistical significance.
Results
Effect of GH on telomerase activity in CHO4 cells
We examined the effect of GH on telomerase activity in CHO4 cells. Cells were stimulated with different doses of GH (100, 200, 300, 400 nM) for 24 h before performing the TRAP-based ELISA assay. The maximum of telomerase activation was observed at 300 nM and was statistically different (P<0·05) from the responses with 100, 200 and 400 nM (Fig. 1A) . The highest dose did not stimulate telomerase activity. It is possible that this dose was toxic, as described previously (Madrid et al. 2002) . The same result was confirmed with the TRAPeze Telomerase Detection kit (Fig. 1B) . The levels of PCR amplification for the internal control were similar between treatments. The RNase treatment demonstrated the specificity of the telomerase reaction. Telomerase activation was also induced by a radiomimetic drug, bleomycin (data not shown), so telomerase activity can be regulated by different stimuli in CHO4 cells.
When CHO4 cells were stimulated with GH at 300 nM, telomerase activity was up-regulated within 6 h and persisted until at least 48 h later. Maximal activation was observed at 24 h after treatment (Fig. 2) .
Effect of GH on telomerase in a primary culture of rat hepatocytes
We also sought to determine whether another cell type responded to GH with similar telomerase activation. We therefore treated a primary culture of rat hepatocytes with GH at 50 nM (Beauloye et al. 1999) for 24 h and then performed a TRAP assay with the TRAPeze Telomerase Detection kit (Fig. 3) . This confirmed that GH was able to activate telomerase in a primary culture of rat hepatocytes and demonstrated that GH is able to induce telomerase activation in a different cell type.
Effect of GH on hamTERT mRNA expression
To investigate whether GH activation of telomerase could be explained by increases in hamTERT mRNA, we used real-time quantitative PCR. Cells were treated with different doses of GH for 24 h. We did not observe a stimulatory effect of GH on the level of hamTERT mRNA at 24 h (data not shown). Some reports have described a rapid and transient induction of TERT mRNA (Liu et al. 2002) . We therefore treated the cells with GH (300 nM) for 1-6 h and also observed up-regulation of hamTert mRNA expression (Table 1) . The maximum induction was produced at 2 h after GH treatment. These results suggest that in CHO4 cells, GH regulation of telomerase activity is primarily transcriptional.
Mechanisms of GH-induced telomerase activity in CHO4 cells
We next characterised mechanisms of telomerase activity triggered by GH. PI3-K and MAPK are pathways that are activated by GH. Since telomerase activation can depend on both PI3-K and MAPK activation, we investigated whether these signalling pathways modified the telomerase activation induced by GH. For this purpose CHO4 cells were incubated with GH in the absence or presence of LY294002, a specific PI3-K inhibitor, or of PD98059, a specific inhibitor of MEK1, and then a TRAP-based ELISA assay was performed. The effect of GH was significantly inhibited by the PI3-K inhibitor, but not by the MAPK inhibitor. The PI3-K inhibitor did not affect constitutive telomerase activity (Fig. 4) . To confirm that these concentrations of LY294002 and of PD98059 were efficacious in inhibiting both Akt/protein kinase B and ERK phosphorylation respectively, cells were treated with or without 10 µM LY294002 or 30 µM PD98059 and then treated for 10 min with or without 300 nM GH. Western blot analyses performed to determine the level of phospho-Akt or phospho-ERK demonstrated that the inhibitors used were effective (Fig. 4B) .
Discussion
To the best of our knowledge, this is the first study showing that telomerase is a target of GH. We determined that supraphysiological doses of GH induced telomerase activation in a CHO4 cell line that expresses rat GHR cDNA (Moller et al. 1992) . We shown that the dose of 300 nM at 24 h induces a statistically different increase on telomerase activation. The doses used in this work were chosen based on the dose that induced cell survival in a prior study (Madrid et al. 2002) . We have also noted that at the both lowest (100 nM) and highest dose (400 nM), the level of telomerase activation was below than the rest of doses used. The highest doses (400 nM) used could be toxic for these cells, as has been described previously (Madrid et al. 2002) . In a primary culture of rat hepatocytes, which express GHR physiologically, we found that GH also triggered telomerase activity. Previously it has been shown that other growth factors such as EGF and hepatocyte growth factor also induce telomerase activation in hepatocytes (Inui et al. 2002) . These events would confirm the regulation of telomerase by different growth factors, among which would be GH. On the other hand, GH does not activate telomerase in a prostate cancer cell line (Wetterau et al. 2003) , perhaps indicating that the response would depend on cell type.
Expression of the catalytic subunit of telomerase is tightly linked to the regulation of its enzymatic activity and it is, in certain cases, a rate-limiting determinant of telomerase activity (Kyo et al. 1997 , Minamino & Kourembanas 2001 . TERT regulation involves transcriptional and post-transcriptional mechanisms (Mauro & Foster 2002) . We have shown that the activation of telomerase by GH was induced by an increase in hamTERT mRNA expression. However, although the GH-induced telomerase activity was maximal at 24 h, it did not correlate with the TERT mRNA levels at this time. This discrepancy may be because GH elevates hamTERT mRNA levels rapidly and transiently, with a maximum effect between 2 and 4 h, that begins to decrease at 6 h and reaches the baseline level at 24 h (data not shown). Similar results have been described in response to oestrogen (Kyo et al. 1999) , EGF (Maida et al. 2002) , basic FGF in fibroblasts (Liu et al. 2002) or IGF-I (Wetterau et al. 2003) , where telomerase activation has been induced through the up-regulation of TERT mRNA expression.
As mentioned above, telomerase activity may be regulated through PI3-K/Akt or ERK1/2 (Kang et al. 1999 , Maida et al. 2002 ; in fact, PI3-K/Akt enhances human telomerase activity by phosphorylating the telomerase catalytic subunit (Kang et al. 1999 , Breitschopf et al. 2001 , Haendeler et al. 2003 . Akt is one of the downstream targets of PI3-K, a signalling molecule associated with growth factors (Akiyama et al. 2002) . In other Figure 3 GH up-regulates telomerase activity in hepatocytes. Cells were treated with 50 nM GH for 24 h and then telomerase activity was analysed using the TRAPeze Telomerase Detection kit, as described in Materials and Methods. This result is representative of the result of three independent experiments in duplicate, each using protein extracts prepared from hepatocytes obtained from a different rat. The levels of PCR amplification for the internal control (IC) were comparable between treatments. GHR-transfected CHO cells, GH promoted growth by increasing cell survival and that effect depended on PI3-K/Akt activation (Costoya et al. 1999) . Several pathways activated by GH are triggered through PI3-K and MAPK (Carter et al. 1996) , so we examined the implication of both signalling pathways in regulating telomerase activity in CHO4 cells. We saw that the PI3-K inhibitor, LY294002, but not the MEK1 signalling pathway inhibitor, PD98059, decreased GH-induced telomerase activation. We also observed that LY294002 only down-regulated GH-induced telomerase activity in CHO4 cells, but not their constitutive activity. Our results indicate that the PI3-K/Akt pathway may mediate GH-induced telomerase up-regulation. Similar results have been described in a human multiple myeloma cell line, where telomerase activation would depend on PI3-K in response to other factors such as IGF-I or interleukin-6 (Akiyama et al. 2002) .
The actions of GH on telomerase may be direct or mediated by IGF-I. The observed effect on CHO4 cells suggest a direct action since this system has been shown to not produce IGF-I in response to GH (Moller et al. 1992) . Furthermore, this cell system was also employed to demonstrate the actin filament reorganisation in an IGF-Iindependent response to GH (Goh et al. 1997) . Therefore, although IGF-I can stimulate telomerase activity in other cell system like human multiple myeloma and DU-145 prostate cancer cells (Akiyama et al. 2002) , we think that in our system GH activates telomerase independently of IGF-I.
GH has neuroprotective and radioprotective qualities and possesses the ability to inhibit apoptosis and induce cell survival (Gomez de Segura et al. 1998 , Vazquez et al. 1999 , Frago et al. 2002 . In fact, in GHR-transfected CHO cells, GH may promote growth by increasing cell survival and that effect may depend on PI3-K/Akt activation (Costoya et al. 1999) . Using the same in vitro cell system used in this study, we have reported that GH promotes cell survival when the cells have been exposed to GH prior to irradiation (Madrid et al. 2002) . Likewise, telomerase activity is also closely associated with cell proliferation (Minamino & Kourembanas 2001 , Smith et al. 2003 in different types of cells and contributes to the life span and integrity of these cells by protecting against apoptosis as well as by inducing cell survival or neuroprotection (Bodnar et al. 1998 , Zhu et al. 2000 , Haendeler et al. 2003 . In the light of these reports, we observed that not only are there are functional coincidences between GH and telomerase, but they also may share signal transduction pathways involving Akt (Costoya et al. 1999 , Kang et al. 1999 ).
Here we have demonstrated that a PI3-K inhibitor, LY294002, can block Akt phosphorylation, a key step in activating the PI3-K signal pathway in response to GH. The identification of real Akt kinase substrates, such as telomerase, provided clues to understanding how GH could contribute to cell survival or proliferation via the PI3-K pathway. Current knowledge about the regulation of telomerase activity has shown that the modulation of this enzyme is critical for cell growth and survival.
In summary, we have shown that, in CHO4 cells, supraphysiological doses of GH activate telomerase. This activation involves mechanisms that are both transcriptional, by up-regulating hamTERT transcription, and post-transcriptional, through PI3-K signal pathways. Future studies are needed to identify the specific GHinduced signal transduction pathways that ultimately affect telomerase activity and the possible implication of this activation in cell proliferation or survival.
